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ABSTRACT 
Two hydrocarbon pheromone components, (Z,Z,Z)-3,6,9-20:3 HC and (Z,Z,Z)-3,6,9- 
21:3 HC, of adult female velvetbean caterpillar moths, Anticarsia gemmatalis, were detected 
both during scotophase and photophase, but pheromone titers during scotophase were higher 
than during photophase. Two pheromone components were detected both from pheromone 
gland and hemolymph, so hydrocarbon pheromone components are thought to be 
biosynthesized by oenocytes which is associated with abdominal epidermal cells and 
transported by lipophorin into pheromone gland. The pheromone biosynthetic pathways for 
production of the sex pheromone components were investigated. Deuterium-labeled linolenic 
acid was used to determine incorporation into pheromone components. Female larvae were 
fed with deuterium-labeled linolenic acid, and the pheromone components from emerged 
adults were analyzed for incorporation. The data showed that linolenic acid was chain-
elongated and decarboxylated to make (Z,Z,Z)-3,6,9-21:3 HC, but the pathway of production 
of (Z,Z,Z)-3,6,9-20:3 HC is still unknown. The effect of PBAN onto pheromone production 
was also investigated. When synthetic zea-PBAN was injected into decapitated adult female 
of velvetbean caterpillar moths the pheromone titers did not increase. However, when the 
head extracts of both female and male velvetbean caterpillar moths were injected into 
decapitated adult female H. zea the amount of pheromone, Z 11-16 ald, from pheromone 
gland increased dramatically. 
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CHAPTER 1. INTRODUCTION 
Female moths use a blend of chemical components to attract conspecific males during 
mate finding. Sex pheromones produced by female Lepidoptera are usually fatty acid-derived 
compounds with 10-21-hydrocarbon chain and an oxygenated functional group such as an 
alcohol, aldehyde, or acetate ester (Tamaki, 1985). In some families of moths, straight chain 
or methyl-branched hydrocarbons or hydrocarbon-derived epoxides are used as the sex 
pheromone. The families of Geometridae, Arctiidae, Lymantriidae, and some Noctuidae 
generally utilize hydrocarbon sex pheromones or their epoxides (Arn et al., 1992). Insects 
have hydrocarbons on their cuticular surface, and they play an important role in preventing 
desiccation in order to maintain internal water balance (Blomquist et al., 1987). The 
relatively high melting temperatures of cuticular hydrocarbons provide a waterproofing 
ability. The increase in hydrocarbon chain length, unsaturation, and methyl branching lower 
the melting temperature compared to saturated shorter chain hydrocarbons (Gibbs and 
Pomonis, 1995). In those moths that utilize hydrocarbon as a sex pheromone it is of interest 
to identify the hydrocarbons found on the cuticular surface (Jurenka et al., 2000). 
A sex pheromone produced by female velvetbean caterpillar moths, Anticarsia 
gemmatalis, was isolated and identified as a blend of (Z,Z,Z)-3,6,9-eicosatriene (3,6,9- 
20:HC) and (Z,Z,Z)-3,6,9-heneicosatriene (3,6,9-21:HC) in a ratio of ca. 5:3, respectively 
(Heath et al., 1983). While the pheromone biosynthetic pathways of several moth species 
with an oxygenated functional group have been elucidated, the biosynthetic pathways for 
most hydrocarbon and hydrocarbon-derived pheromone components are unknown. 
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Furthermore studies have shown how the odd chain length hydrocarbons are made, but the 
biosynthetic pathway for even chain length hydrocarbons is unknown. The precursor is 
thought to be converted to a pheromone component through a simple transformation process, 
such as chain elongation and decarboxylation. The unsaturated components with n-6 and n-3 
double bond configurations are possibly synthesized from linoleic acid and linolenic acid, 
respectively. Since lepidopterans are thought not to be able to synthesize either linolenic or 
linoleic acid de novo, they metabolize plant-derived precursors to pheromone components 
(de Renobales et al., 1987; Blomquist et al., 1991). In arctiid moths, the precursor linolenic 
acid is chain elongated by four carbons from 20:3(n-3) CoA to 22:3(n-3) CoA and then 
decarboxylated to produce 21:3(n-3) (Rule and Roelofs, 1989). It will be of interest to find 
out how the even chain length hydrocarbon, 20:3(n-3) HC, is made in velvetbean caterpillar 
moth. The possible biosynthetic pathways of pheromone components are illustrated in Figure 
1. The biosynthetic pathway can be proposed whereby 20:3(n-3) HC is made from 22:3(n-3) 
CoA with removal of two carbons or if it is produced by reduction without carbon removal 
from 20:3(n-3) CoA. In addition, it is possible that linolenic acid is elongated by three 
carbons with succinate instead of malonate to 21:3(n-3) CoA and then decarboxylated to 
20:3(n-3) HC. In this study these proposed pathways were investigated and determined by 
using labeled precursor. 
Insect hydrocarbons are thought to be biosynthesized by specialized cells called 
oenocytes that are associated with epidermal cells or fat body cells (Diel, 1975). 
Hydrocarbons are transported throughout the body by the transport protein lipophorin in the 
hemolymph (Chino, 1985). In studies of nonlepidopteran insects, the lipophorin transports 
hydrocarbon sex pheromones to specific tissues of the insect body (Pho et al., 1996; Gu et al., 
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Figure 1. Proposed biosynthetic pathways of major and minor pheromone components ofA. 
gemmatalis. 18:3(n-3)Acid is obtained in the diet and is precursor to the pheromones. 
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1995). According to recent studies using moths, it was proposed that the hydrocarbon 
pheromone 2-methyl-heptadecane utilized by the arctiid moth, Holomelina aurantiaca, was 
biosynthesized by oenocytes and transported to the pheromone gland by lipophorin. Thus, the 
pheromone glands in Holomelina do not biosynthesize the pheromone but store and release it 
during the calling period (Schal et al., 1998). In addition, it was also proposed that a similar 
process occurred in the gypsy moths where the alkene precursor to the pheromone was 
produced in oenocytes and transported by lipophorin to the pheromone gland (Jurenka et al., 
2003). The alkene precursor would be picked up by pheromone gland cells and then 
converted to the epoxide disparlure. In support of these results, it is of interest to find out if 
the hydrocarbon pheromones are found in the hemolymph along with pheromone gland and 
on the cuticular surface. 
Another line of study in the pheromone biosynthesis of velvetbean caterpillar moth 
concerns the control of pheromone production by endogenous signals. A peptide produced in 
the suboesophageal ganglion of the brain was discovered as a regulatory factor of pheromone 
production in Helicoverpa zea (Raina, et al., 1984). This neuropeptide, pheromone 
biosynthesis activating neuropeptide (PBAN), has been identified in several species of moths 
(Raina et al., 1989; Masler et al., 1994; Kitamura et al., 1989, 1990). They all contain 33- or 
34-amino acids with an amidated C-terminal pentapeptide that is required for 
pheromonotropic activity (Kitamura et al., 1989). The PBAN is released into hemolymph and 
used to stimulate the pheromone production in pheromone glands (Jurenka and Roelofs, 
1993). Although PBAN and PBAN-like peptides have been found in Lepidoptera, it is not 
known if PBAN also regulates the hydrocarbon pheromone biosynthesis. Thus, it is of 
interest to determine if PBAN has any effect on hydrocarbon pheromone biosynthesis. 
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One purpose of this study was to determine if velvetbean caterpillar moths 
biosynthesize the hydrocarbon sex pheromone by similar process, as do other moths. Thus 
two major lines of research were investigated. First, the hydrocarbon profiles of cuticular 
surface and hemolymph along with pheromone glands were compared. This was done to 
determine if the pheromone components could be found in the hemolymph. The cuticular 
hydrocarbons were compared to the pheromone components for possible similarities. This 
could yield the clues to the site of pheromone biosynthesis. Second, the hydrocarbon 
pheromone biosynthetic pathway was investigated by using a labeled precursor, linolenic 
acid, in order to find out which pathway was used to make 20:3(n-3):HC and 21:3(n-3):HC 
pheromones of velvetbean caterpillar moths. Other goals of this study were to determine if 
PBAN could regulate the pheromone production and if PB~N-like peptides were present in 
moth's nervous system. 
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CHAPTER 2. METHODS AND MATERIALS 
Insects 
The eggs of velvetbean caterpillar moth were purchased from USDA-ARS-SIMRU 
(Stoneville, MS). After they hatched, larvae were placed individually in a cup filled with diet 
which was obtained from South Land Products, Inc. (Lake Village, AR) and were kept at 
252°C with light and dark cycle of 16:8. Sexes were separated as pupae, and male and 
female moths were put in a separate container. After they emerged, the adult moths were 
maintained in different container, and two to three days old females were used throughout 
this study. 
Hydrocarbon Extraction 
Sex pheromone glands, located between the 8th and 9th segment of abdomen, were 
removed with scissors and placed in l00µ1 of n-hexane for 10 minutes in order to extract 
hydrocarbons. After 10 minutes of extraction with n-hexane glands were removed and the 
hexane extracts were kept in freezer for future analysis. The removed glands from extract 
solvent were placed in SOµI of 2:1 chloroform: methanol by volume overnight to extract out 
lipids. When overnight extraction was completed chlaroform and methanol were evaporated 
and l00µ1 of O.SN methanolic KOH was added. After 30 minutes of incubation at room 
temperature l00µ1 of 1N HCl was added and methyl esters were extracted with n-hexane. 
Hemolymph was obtained from abdomen by puncturing the cuticle on the dorsal side of 
abdomen and collected with a microcapillary pipet. Collected hemolymph was added to an 
equal volume of methanol and lipids were extracted with l00µ1 of n-hexane for 10 minutes. 
The extracted lipids were then purified by a small silica gel column (40 mg in a 2 X 90 mm 
glass pipet) by eluting with 3O0µ1 of n-hexane. The cuticular hydrocarbons were extracted by 
immersing whole adult or abdominal portion of body in n-hexane for 10 minutes. The 
extracts were then purified by a silica gel column (300 mg in a 6 X 145 mm glass pipet) by 
eluting with 3O0µ1 of n-hexane. Methyl esters were made from both hemolymph and cuticle 
with the same procedures as was done in pheromone gland extraction. 
In vivo Studies on Pheromone Biosynthesis 
Deuterium-labeled linolenic acid, 13Glabeled linolenic acid, 14C-labeled acetate, and 
laC-labeled succinate were used to elucidate the pheromone biosynthetic pathways and were 
introduced into the internal body of insect by using injection or feeding method. Deuterium- 
labeled linolenic acid, (Z,Z,Z)-3,6,9-D4-18:3 acid, was provided by USDA-NCAUR, IL, and 
13C-linolenic acid was purchased from Martek Biosciences Corp. (Columbia, MD). Both 
[1,2_14C] acetate (113mCi/mmol) and [2,3-14C] succinate (41mCi/mmol) were purchased 
from ICN Biomedicals, Inc. (Irvine, CA). Labeled fatty acids were transferred to a centrifuge 
tube and mixed with Grace's insect media (Sigma) at the concentration of 2µg/µ1 for D4 and 
13C labeled linolenic acids and 0.5 —1 µCi/ µl for radio-labeled acetate and succinate. The 
tube was sonicated in a water bath for 5 minutes and the prepared compounds were injected 
into the dorsal side of the abdomen of 1 —2 day old females with the amount of 10 — 20 µg of 
D4 and 13C labeled linolenic acids and 0.5 — 1 µCi ofradio-labeled acetate and succinate. The 
injected females were placed in the incubator for 10-16 hours, then pheromones from glands 
and hemolymph were extracted with n-hexane as described above. For feeding experiments, 
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D4-18:3 acid or 13C-18:3 acid (50 — 100 µg) were mixed with ethanol and placed on a small 
piece of diet and fed to the 5th or 6th instar larvae. After the ethanol evaporated, each piece 
of diet was placed in a cup containing a larva and kept in the incubator until emergence. In 
order for larvae to consume all of the diet, they were starved for 24 hours, and then were 
placed in an individual container. In both experiments, the pheromone glands of 2 to 3 day 
old females were removed and the hemolymph of same aged females were collected, and 
then extracted with hexane to analyze the incorporation of labeled precursor into pheromone 
components. For hexane extracts, 4 — 5 pheromone glands and hemolymph collected from 4 
— 5 females were combined in a vial to obtain a larger amount of pheromone. 
Isolated Cuticle Incubation 
The abdomens of 2 to 3 day-old females were removed by cutting the junction of 
thorax and abdomen, and the pheromone glands were excised by removing the 8th segment. 
Isolated abdomen were cut laterally and pinned open to expose the internal tissue. Most 
internal tissues, including ovaries, fat body, muscle, heart, and trachea were removed, leaving 
epidermal tissues. The epidermal tissues were incubated with labeled precursors in Grace's 
media. The labeled fatty acids were transferred to a centrifuge tube. After the solvent was 
evaporated Grace's media was added, and the tube was sonicated in a water bath for 5 min. 
The Grace's media containing labeled precursors was added to the internal cellular side of 
the abdomen and kept in a petri dish at room temperature for 6 — 8 hours. Labeled linolenic 
acids ( 13C-18:3acid and D4-18:3acid) were added at 10 or 20 µg in 30 µl of Grace's media, 
and 14C -labeled compounds (1,2-14C-acetate and 2,3-14Gsuccinate) were added at 0.5 or 1 
µCi in 30 µl of Grace's media. After tissues were incubated for various times 200 µl of 
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methanol was added to the tissues in a small tube, and the tube was placed in a freezer 
overnight. The next day, the tissues were disrupted with a probe sonicator for 2 — 3 min. and 
200 — 300 µl of hexane was added to extract hydrocarbons. The hexane extracts were purified 
as described above and analyzed to determine label incorporation into pheromones. 
PBAN Study 
Heads from 1- to 2-day old females and males were removed during midphotophase 
and placed in McOH: acetic acid: water (90:1:9) to be homogenized by sonic dismembrator 
(Fisher Scientific). The tube containing the heads and solution was centrifuged at 10,000g 
for 10 minutes, then after methanol was evaporated the homogenates were dissolved in same 
volume of saline (21 mM KCI, 12 mM NaCI, 3 mM CaC12, 18 mM MgC12, 170 mM glucose, 
3 mM PIPES, and maintained at pH 6.6). Head extracts (HE) were prepared at a 
concentration of 1 head equivalent in 1µl of saline. These head extracts of female (FHE) and 
male (MHE) were injected into Helicoverpa zea females to monitor the pheromone 
production. The 1-day-old females were decapitated during midphotophase at the junction of 
head and thorax, then decapitated females were kept in an incubator. After 24 hours later 
they were injected through the abdominal intersegmental membrane by using a 10 µl 
microsyringe and kept at room temperature for 1 hour. Hez-PBAN (5 pmol) purchased from 
Peninsula Laboratory, and saline (1 µl) were injected to decapitated A. gemmatalis, and 1µl 
of FHE, MHE ofA. gemmatalis, 5 pmol of Hez-PBAN, and 1µl of saline were injected to 
decapitated H. zea females. After an one-hour incubation time pheromone gland and 
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hemolymph were removed to extract pheromone components. These extracts were analyzed 
by gas chromatography to determine the pheromone titer of each treatment. 
Analytical Methods 
Hexane extracts from pheromone glands and hemolymph, containing octadecane as 
internal standard, were analyzed by aHewlett-Packard 5890 GC equipped with a flame 
ionization detector and a Carbowax (30 m X 0.25 mm) capillary column (Alltech, Deerfield, 
IL) . The oven was temperature programmed at 8 0 ° C for 1 min, then 10 °/min to 220 ° C and 
held for l Omin. AHewlett-Packard 5972 series mass selective detector connected to a HP-
5890 GC with DB-5 (30 m X 0.25 mm) capillary column (J&W Scientific, Folsom, CA) was 
used to generate mass spectra. The oven was temperature programmed at 80°C for 1 min, 
then 10°/min to 320°C and held for 15 min. Methyl esters made by base methanolysis as 
described earlier were analyzed by FID-GC using same column as above with an internal 
standard of tripentadecanoin. 
Incorporation of radiolabeled acetate and succinate into pheromone components was 
examined by separating the extracts by GC. The HP-5890 GC was set as described above and 
pheromones were collected in a cold glass capillary tube when they left the detector. The 
tubes containing pheromone components were washed with hexane directly into vial and 
counted by liquid scintillation counting. Radiolabel incorporation was also determined by 
TLC. The hexane extracts were developed on TLC-plates covered with silica gel using 
hexane :ethyl ether (90: 10) as developing solvent, and the position of hydrocarbons was 
determined by co-migrating a standard pheromone components along with the extracts. After 
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the plates were exposed to iodine vapors the silica gel containing the pheromones was 
collected and put into scintillation vial to count the amount of radiolabel present by using 
liquid scintillation counting. 
Incorporation of the deuterium-labeled or 13C -labeled linolenic acid into pheromone 
components was determined by using GC/MS as mentioned above. The mass selective 
detector was used in the single ion monitoring (SIM) mode to detect the following 
characteristic ions: 220 for 20:3HC and 234 for 21:3HC. Labeled compounds were detected 
by using the ions of 224 for 20:3HC, 23 8 for 21:3HC or 234 for 20:3HC, 248 for 21:3HC 
when D4-18 : 3 acid or 13 C-18 : 3 acid was introduced to the female moths, respectively. 
The amount of pheromone and fatty acids were quantified by comparing to the area of 
internal standards, octadecane for hexane extracts and tripentadecanoin for 
chloroform/methanol extracts. The ratio of unlabeled and labeled compound was determined 
by GC/MS. Significant differences between treated groups were determined with ANOVA. 
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CHAPTER 3. RESULTS 
Sex Pheromone Production 
The results of the GC analysis of sex pheromone titers extracted from pheromone 
gland at different ages are shown in Figure 2 and 3. The amount of the major pheromone, 
21:3HC, extracted from pheromone gland rapidly increased after 24 hours of emergence, and 
reached the maximum at age of 3 days (Figure 2). There was no significant difference 
between the amount of minor pheromone component, 20:3HC, from scotophase and 
photophase, but newly emerged females had significantly lower amounts of pheromone than 
any other ages. About 16 ng of 21:3HC was found in 3-day-old females and less than 5 ng of 
21:3HC was detected in newly emerged females. The amount of pheromone components in 
glands extracted at scotophase was higher than at photophase (Figure 4 and 5). The overall 
ratios of two pheromone components were approximately 6 : 1 (21:3HC : 20:3HC) and 5 : 1 
(21:3HC : 20:3HC), during scotophase and photophase, respectively. There were no 
significant differences in ratios of the two components among females of different ages. 
Hydrocarbons were extracted from hemolymph to determine if pheromone 
components were present. Pheromone components were present in hemolymph extracts, and 
there were no significant differences between the amounts of pheromone components among 
different aged females during scotophase and photophase (Figure 6 and 7). The amount of 
pheromone components collected during scotophase was higher than collected during 
photophase (Figure 8 and 9). The overall ratio of two pheromone components was about 10:1 
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(21:3HC : 20:3HC) at both extraction periods. The ratios are not statistically different 
between scotophase and photophase. The amount shown in figures is presented as ng/µl 
hemolymph collected, but this is not an absolute value. When hydrocarbon pheromone 
components were extracted from hemolymph the females were first injected with 20 — 30 µl 
of saline in order to collect sufficient amount of hemolymph for analysis. Thus, the amounts 
were relative values to compare the amount of pheromone at different ages. 
Identification of Hydrocarbons 
Hydrocarbons extracted from pheromone glands were purified and identified by 
GC/MS (Figure l OA and Table 1). The majority of hydrocarbons found in the pheromone 
gland of 2-day-old female moths were n-alkanes (C21-C31). Tricosane (C23), pentacosane 
(C25), and, heptacosane (C27) were the major hydrocarbons found along with the 
hydrocarbon pheromones, 20:3HC and 21:3HC. Of those 26 peaks identified, 9 monomethyl-
branched hydrocarbons were found. Major methyl-branched hydrocarbons were identified as 
a 11-,13-,15-methyl series with chain lengths of C29, C3 1, and C33 and 2-methyl series with 
chain lengths of C28 and C30. Only four two-methyl-branched hydrocarbons were identified, 
and the majority of those dimethyl-branched hydrocarbons were 11,15-dimethyl series with 
chain lengths of C31 and C33. Those methyl-branched hydrocarbons were identified based 
on equivalent chain length and mass spectrometry diagnostic ions (Table 1). For example, the 
mass spectrum of 11-,13-,15-methylhentriacontane indicated an abundance of ion fragments 
of 168, 196, and 224which is diagnostic for the presence of methyl branch on 11, 13, and 15 
respectively, and 31 carbons based on a 0.3 increase in elution time relative to C31. 
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Figure 10. Representative partial chromatograms of the hydrocarbons obtained from A. 
pheromone gland, B. hemolymph, and C. cuticle surface of female A. gemmatalis. 
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Table 1. Pheromone gland hydrocarbons of A. gemmatalis 
Hydrocarbons ECLb MW Diagnostic ions m/z 
1. 3,6,9-C20:3 
2. 3,6,9-C21:3 
3 . n-C21 
4. n-C22 
5. 3,6,9-C23:3 
6. n-C23 
7. n-C24 
8. n-C25 
9. n-C26 
10. n-C27 
11. n-C28 
12.2-me-C28 
13 . n-C29 
14. 11-,13-,15-me-C29 
15.2,26-dime-C28 
16. 8-me-C29 
17. 12-me-C29 
18.2-me-C30 
19. n-C31 
20. 11-,13-,15-me-C31 
21.9-me-C31 
22. 11,15-dime-C31 
23. 11-,13-,1 S-me-C33 
24. 11,15-;13,17-;15,19-dime-C33 
25. 13-,15-,17-me-C35 
26. 13,23-dime-C35 
19.78 276 
20.79 290 
21.00 296 
22.00 310 
22.83 320 
23.00 324 
24.00 338 
25.00 352 
26.00 366 
27.00 3 80 
28.00 394 
28.64 408 
29.00 408 
29.31 422 
29.76 422 
30.12 422 
30.31 422 
30.64 436 
31.00 436 
31.30 450 
31.39 450 
31.56 464 
33.31 478 
33.58 492 
35.26 506 
35.55 520 
79, 108, 220 
79, 108, 234 
296 
310 
79, 108, 262 
324 
338 
352 
366 
380 
394 
365, 393 
408 
168, 196, 224 
365, 393, 407 
97, 127 
182 
393, 421 
436 
168, 196, 224, 252, 280 
140, 337 
168, 239, 252, 323 
168, 196, 224, 252, 280 
168, 239, 351 
168, 196, 224, 308 
196, 351 
sNumbers refer to Figure l0A 
bECL =Equivalent Chain Length 
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Table 2. Hemolymph hydrocarbons of female A. gemmatalis 
Hydrocarbons ECLb MW Diagnostic ions m/z 
1. 3,6,9-C20:3 19.78 276 79, 108, 220 
2. 3,6,9-C21:3 20.79 290 79, 108, 234 
3. n-C21 21.00 296 296 
4. n-C22 22.00 310 310 
5. 3,6,9-C23 :3 22.83 320 79,108,262 
6. n-C23 23.00 324 324 
7. n-C24 24.00 3 3 8 3 3 8 
8. n-C25 25.00 3 52 3 52 
9. n-C26 26.00 3 66 3 66 
10.2-me-C26 26.62 3 80 3 3 7, 3 65 
11. n-C27 27.00 380 380 
12.2-me-C27 27.63 3 94 3 51, 3 79 
13. n-C28 28.00 394 394 
14. 3,7-dime-C27 28.11 408 127, 309, 379 
15.2-me-C28 28.64 408 365, 393 
16. n-C29 29.00 408 408 
17. 11-,13-,15-me-C29 29.31 422 168, 196, 224 
18.2,26-dime-C28 29.76 422 365, 393, 407 
19. 8-me-C29 30.12 422 127, 323 
20. 12-me-C29 30.31 422 182, 268 
21.2-me-C30 30.64 436 393, 421 
22. n-C31 31.00 436 436 
23. 11-,13-,15-me-C31 31.30 450 168, 196, 224, 252, 280 
24. 9-me-C31 31.39 450 140, 337 
25. 11,15-dime-C31 31.56 464 168, 239, 252, 323 
26. 11-,13-,15-me-C33 33.31 478 168, 196, 224, 252, 280 
27. 9,13-;11,15-;13,17-dime-C33 33.58 492 140, 168, 196, 224, 252, 323, 
351 
28. 13-,15-,17-me-C35 35.26 506 168, 196, 224, 308 
29. ?-dime-C3 5 :1 3 5.3 5 520 83, 97, 209, 251, 266 
30. 13,23-dime-C35 35.55 520 196, 351 
sNumbers refer to Figure l OB 
bECL =Equivalent Chain Length 
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Table 3. Cuticular hydrocarbons of female A. gemmatalis 
Hydrocarbons ECLb MW Diagnostic ions m/z 
1. n-C22 
2. n-C23 
3. n-C24 
4. n-C25 
5. n-C26 
6. n-C27 
7. n-C28 
8. 2-me-C28 
9. n-C29 
10.2,26-dime-C28 
11.2-me-C30 
12. n-C31 
13. 11-,13-,15-me-C31 
14. 9-me-C31 
15. 11,15-dime-C31 
16. 11-,13-,15-me-C33 
17. 9,13-;11,15-;13,17-dime-C33 
18. 13-,15-,17-me-C35 
19. ?-dime-C35:1 
20. 13,17-dime-C3 5 
21. 13,23 -dime-C3 5 
22. 13-,15-,17-me-C37 
23. ?-dime-C37:1 
24. 15,19-dime-C37 
25. 13,25-;15,23-dime-C37 
26. ?-me-C39 
22.00 310 
23.00 324 
24.00 338 
25.00 352 
26.00 366 
27.00 3 80 
28.00 394 
28.64 408 
29.00 408 
29.76 422 
30.64 436 
31.00 436 
31.30 450 
31.39 450 
31.56 464 
33.31 478 
33.58 492 
35.26 
35.33 
35.48 
35.58 
37.27 
37.37 
37.48 
37.54 
39.13 
506 
520 
520 
520 
534 
548 
548 
548 
562 
310 
324 
338 
352 
366 
380 
394 
365, 393 
408 
365, 393, 407 
3 93, 421 
436 
168, 196, 224, 252, 280 
140, 337 
168, 239, 252, 323 
168, 196, 224, 252, 280 
140, 168, 196, 224, 252, 323, 
351 
196, 224, 252, 308 
83, 97, 209, 251, 266 
196, 252, 323 
196, 351 
196, 224, 252, 280, 308 
83, 97, 209, 251, 266 
224, 280, 295, 351 
196, 224, 3 51, 3 79 
168, 23 9, 3 09, 3 79, 449 
sNumbers refer to Figure l OC 
bECL =Equivalent Chain Length 
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Hemolymph was extracted from 2-day-old adult females with hexane, and 
hydrocarbons were purified and analyzed by GC/MS (Figure l OB and Table 2). The 
hydrocarbons found in the hemolymph were similar to the hydrocarbons that were identified 
in the pheromone gland. There were only four more methyl-branched hydrocarbons found 
comparing to pheromone gland, which were 2-me-C26, 2-me-C27, 3,7-dime-C27, and an 
unidentified dime-C35:1. The monomethyl-branched alkene was identified based on 83 and 
97 ions and a molecular weight ion two less than a saturated analogue, 13,23-dime-C35. The 
position of methyl group and double bond were not identified due to the low abundance. The 
amounts of those four methyl-branched hydrocarbons were significantly lower than any other 
hydrocarbons found in the hemolymph. In addition, the two pheromone components were 
also found in the hemolymph, and those pheromone components were identified based on 
retention times comparing to pure standards, diagnostic ions, and molecular weights. Males 
had similar hydrocarbons found in the hemolymph, but the amounts ofinethyl-branched 
hydrocarbons were lower (Figure 11 B and Table 5). 
The profile of hydrocarbons found on the female's cuticle was similar to those found 
in the hemolymph (Figure 6C and Table 3). The major methyl-branched hydrocarbons were 
2-me-C28, 2,26-dime-C28, 2-me-C30, and 11-,13-,15-me-C31. Those methyl-branched 
hydrocarbons were also found in the extracts of pheromone gland and hemolymph but were 
more abundant. The major methyl-branched alkane was 11-,13-,15-me-C31 in the 
pheromone gland and hemolymph, however, 2-me-C30 was the major one found on the 
cuticle. There were significantly lower amounts ofinethyl-branched hydrocarbons found on 
the cuticle compared to those found in the hemolymph and pheromone gland. In addition, 
there were some longer chain-length methyl-branched hydrocarbons on the cuticle, which 
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Figure 11. Representative partial chromatograms of the hydrocarbons obtained from A. 
cuticle surface and B. hemolymph of male A. gemmatalis. 
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Table 4. Cuticular hydrocarbons of male A. gemmatalis 
Hydrocarbons ECLb MW Diagnostic ions m/z 
1. n-C22 
2. n-C23 
3. n-C24 
4. n-C25 
5. n-C26 
6. n-C27 
7. n-C28 
8. 2-me-C28 
9. n-C29 
10.2-me-C30 
11. n-C31 
12. 9-,11-me-C31 
13. 9,?-;11,?-dime-C31 
14. 11-,13-,15-me-C33 
15. 15,19-dime-C33 
16. 9,13-;11,15-;13,17-dime-C33 
17. 12-,13-me-C34 
18. 13-,15-,17-me-C35 
19. ?-dime-C3 5 : l 
20. 13,17-dime-C3 5 
21. 13,23 -dime-C3 5 
22. 13-,15-,17-me-C37 
23. ?-dime-C37:1 
24. 15,19-dime-C37 
25. 13,25-;15,23-dime-C37 
26. ?-me-C39 
22.00 310 
23.00 324 
24.00 338 
25.00 352 
26.00 366 
27.00 3 80 
28.00 394 
28.64 408 
29.00 408 
30.64 422 
31.00 436 
31.37 450 
31.68 464 
33.31 478 
33.54 492 
33.58 492 
34.56 
35.26 
35.33 
35.48 
35.58 
37.27 
37.37 
37.48 
37.54 
39.13 
492 
506 
520 
520 
520 
534 
548 
548 
548 
562 
310 
324 
338 
352 
366 
380 
394 
365, 393 
408 
393, 421 
43 6 
140, 337, 351 
140, 16 8, 210 
168, 196, 224, 252, 280 
224, 295 
140, 168, 196, 224, 252, 323, 
351 
182, 196, 336, 350 
196, 224, 252, 308 
83, 97, 209, 251, 266 
196, 252, 323 
196, 351 
196, 224, 252, 280, 308 
83, 97, 209, 251, 266 
224, 280, 295, 351 
196, 224, 3 51, 3 79 
168, 239, 309, 379, 449 
sNumbers refer to Figure 11 A 
bECL =Equivalent Chain Length 
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Table 5. Hemolymph hydrocarbons of male A. gemmatalis 
Hydrocarbons ECLb MW Diagnostic ions m/z 
1. n-C21 21.00 296 296 
2. n-C22 22.00 310 310 
3. n-C23 23.00 324 324 
4. n-C24 24.00 3 3 8 3 3 8 
5. n-C25 25.00 352 352 
6. n-C26 26.00 3 66 3 66 
7. n-C27 27.00 3 80 3 80 
8. n-C28 28.00 394 394 
9. 3,7-dime-C27 28.11 408 127, 309, 379 
10.2-me-C28 28.64 408 365, 393 
11. n-C29 29.00 408 408 
12. 11-,13-,15-me-C29 29.31 422 168, 196, 224 
13.2,26-dime-C28 29.76 422 365, 393, 407 
14. 8-me-C29 30.12 436 127, 323 
15.2-me-C30 30.64 436 393, 421 
16. n-C31 31.00 436 436 
17. 11-,13-,15-me-C31 31.30 450 168, 196, 224, 252, 280 
18. 9-me-C31 31.39 450 140, 337 
19. 11,15-dime-C31 31.56 464 168, 239, 323 
20. 9,21-dime-C31 31.73 464 140, 168, 323, 351 
21. 11-,13-,15-me-C33 33.31 478 168, 196, 224, 252, 280 
22. 9,13-;11,15-;13,17-dime-C33 33.58 478 140, 168, 196, 224, 252, 323, 
351 
23. 12-,13-me-C34 34.56 492 182, 196, 336, 350 
24. 13-,15-,17-me-C35 35.26 506 196, 224, 252, 308 
25. 13,23-dime-C35 35.58 520 196, 351 
sNumbers refer to Figure 11 B 
bECL =Equivalent Chain Length 
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had lengths of C37 and C39. The profile of cuticular hydrocarbons found on the males was 
similar to those of female (Figure 11A and Table 4). 
Analysis of Fatty Acid Methyl Esters 
GC analysis of extracts of base-methanolyzed pheromone gland, hemolymph, and 
cuticle of female A. gemmatalis showed common fatty acid methyl esters found in other 
Lepidoptera, such as 14:Me, 16:Me, Z9-16:Me, 18:Me, Z9-18:Me, Z,Z-9,12-18 :Me, and 
Z,Z,Z-9,12,15-18:Me. The amounts of 14:Me, 18:Me, and Z,Z,Z-9,12,15-18 :Me were 
relatively smaller than those of other fatty acid methyl esters. The ratios between fatty acid 
methyl esters found in pheromone gland, hemolymph, and cuticle were very similar. 
Incorporation of Labeled Fatty Acids into Pheromone Components 
In labeling studies, 13C -labeled linolenic acid, 14C -labeled acetate, and 14C -labeled 
succinate were injected into 1 or 2-day-old females separately, and then injected females 
were incubated for 10 — 16 hours. Virgin females were also fed with labeled fatty acids. After 
incubation pheromone glands and hemolymph were extracted with hexane to determine the 
incorporation of labeled fatty acids into pheromone components. In addition, those labeled 
fatty acids were applied to isolated abdomens of females to determine the site of synthesis of 
pheromone components. When those three labeled-compounds were injected into female 
moths, there was no detectable incorporation of label into either of the pheromone 
components. Repeated attempts with the above three labeled-compounds were conducted, 
there was no detectable incorporation into pheromone components. Thus, it was necessary to 
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change the labeled fatty acid to determine incorporation into pheromone components. 
Deuterium-labeled linolenic acid, (Z,Z,Z)-3,6,9-D4-18 :3 acid, was injected into 1 or 2-day-
old adult females and was fed to female larvae, and the treated female's pheromone gland 
and hemolymph were extracted with hexane for analysis. Injection of A. gemmatalis adult 
female with D4-labeled linolenic acid gave no incorporation into the two major pheromone 
components, whereas insects fed with D4-labeled linolenic acid exhibited good incorporation 
(Figure 12). The GC/MS was set in the single ion mode and the ions 224 and 23 8 were 
monitored to determine incorporation of D4-labeled linolenic acid into the two pheromone 
components. The incorporation of D4-18:3 acid into pheromones would result in an increase 
of 4 mass units because four deuteriums are attached on 6th and 7th carbons (Figure 13). 
Therefore, during analysis of labeled pheromones in the SIM mode, the diagnostic ions of 
20:3HC and 21:3HC, which were ion 220 and ion 234, respectively, were selectively 
monitored. Due to the increment of 4 deuteriums comparing to natural compound, the 
intensities of ion 224 for 20:3 HC and ion 23 8 for 21:3 HC indicate deuterium 
labeling(Figure 14). These peaks elute slightly ahead of the unlabeled natural compounds 
(Figure 12). The hemolymph of female moth was also extracted and analyzed after feeding 
with D4-18:3 acid, and deuterium incorporation was shown similar to pheromone gland 
extracts. 
PBAN Studies 
Decapitation of female A. gemmatalis for 24 hours resulted in a significant decrease 
in amount of pheromone components in both pheromone gland and hemolymph. Injection of 
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Figure 12. Incorporation of D4-linolenic acid into pheromone components. D4-linolenic acid 
was fed to female larvae and pheromone gland was extracted during adult stage. Mass 
spectroscopy analysis was performed in SIM mode analyzing for specific ions plus 4 ions 
because 4 deuteriums were added during the conversion of D4-linolenic acid to pheromones. 
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Figure 13. Proposed hydrocarbon pheromone biosynthetic pathways when D4-linolenic acid 
is introduced to female of A. gemmatalis. = indicates a deuterium atom. 
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Figure 14. Mass spectra of GC peaks containing (A) eicosatriene and (B) heneicosatriene 
from extracts of the pheromone gland of 2-day-old adult female A. gemmatalis. 
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Figure 15. Proposed biosynthetic pathways for the production of the alkene hydrocarbon 
pheromone components. 
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synthetic H. zea PBAN into decapitated females did not affect pheromone production. The 
levels of pheromone components when females were injected with saline or synthetic H. zea 
PBAN were similar to those of decapitated females (Figure 16 and 17). H. zea females were 
treated with male and female A. gemmatalis head extracts to determine if there was a PBAN- 
like activity in the central nervous system of A. gemmatalis (Figure 18). Titers of Z11-16:A1d 
which is the major sex pheromone of H. zea was determined. Female and male head extracts 
from A. gemmatalis showed similar activity to that of synthetic PBAN. 
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Figure 16. The amount of heneicosatriene detected in 2-day-old decapitated A. gemmatalis 
females when saline and zea-PBAN were injected into haemocoel at mid-photophase. 
Pheromone was extracted from pheromone gland and analyzed by GC (mean ~ SD, n=5 per 
sample). Different letters indicate statistically different means. 
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Figure 17. The amount of eicosatriene detected in 2-day-old decapitated A. gemmatalis 
females when saline and zea-PBAN were injected into haemocoel at mid-photophase. 
Pheromone was extracted from hemolymph and analyzed by GC (mean f SD, n=5 per 
sample). Different letters indicate statistically different means. 
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Figure 18. The amount of Z 11-16: ald detected in 2-day-old decapitated H. zea females when 
female head extracts (fe-he), male head extracts (me-he) and zea-PBAN were injected into 
haemocoel at mid-photophase. Pheromone was extracted from pheromone gland and 
analyzed by GC (mean ~ SD, n=5 per sample). Different letters indicate statistically different 
means. 
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CHAPTER 4. DISCUSSION 
After observation of calling behavior of adult female A. gemmatalis, newly emerged 
females did not call and the normal calling behavior was observed after 24 hours of 
emergence. The increased amount of pheromone in pheromone gland and hemolymph after 
emergence correlates with this behavior. The hydrocarbon sex pheromone, however, was 
found in pheromone gland and hemolymph during both scotophase and photophase. This 
result indicates that hydrocarbon pheromone is present in hemolymph but only released when 
calling behavior is started. Many other moths utilize this strategy to produce and emit 
pheromone, such as Scoliopte~yx libatrix (Subchev and Jurenka, 2001) and Helomelina 
lamae (Schal et al., 1987). In this study, the results indicate that the amount of pheromone in 
the pheromone gland did not change dramatically after 24 hours of emergence and the 
hemolymph contained the pheromone throughout the adult stage of female. This indicates 
that biosynthesis of hydrocarbon pheromone is constant and calling behavior of adult female 
maybe an important step for the regulation of pheromone release (Subchev and Jurenka, 
2001). In cases of moths that utilize non-hydrocarbon pheromone, for example, the 
redbanded leafroller moth, A~gyrotaenia velutinana (Miller and Roelofs, 1977) and the 
cabbage loopper moth, T~ichoplusia ni (Hunt and Haynes, 1990), both moths have high 
levels of pheromones in the pheromone glands during both scotophase and photophase but 
release pheromones only during the calling period. 
The hydrocarbons extracted from hemolymph, pheromone gland, and cuticle of both 
male and female were identified, and they were composed of straight chain alkanes, alkenes, 
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and methyl-branched alkanes. Major hydrocarbons found in those tissues were 2-me-C28, 2- 
me-C30, 11-,13-,15-me-C31, 11-,13-,15-me-C33, and saturated alkanes. Two methyl-
branched alkanes were also found in hemolymph and on cuticle, but their amounts were 
relatively lower than those of monomethyl-branched alkanes. The longer chain length 
alkenes, dime-C3 5 :1 and dime-C37:1, were found from the extracts of hemolymph and 
cuticle of female, but these were found in very low abundance. If the double bond is in the n-
9 position, these monoenes are thought to be biosynthesized by chain elongation of oleic acid 
as previously described in housefly, Musca domestica (Dillwith and Blomquist, 1981). 
Although hydrocarbon profiles of hemolymph and cuticle were similar to each other, 
hemolymph had more methyl-branched alkanes and longer chain hydrocarbons than the two 
other tissues. The cuticle contained more dimethyl-branched alkanes than in the hemolymph. 
These results probably indicate that dimethyl-branched alkanes that were not detected in the 
hemolymph due to their low abundance accumulate on the cuticular surface. The differences 
in hydrocarbon profiles between hemolymph and cuticle indicates that differential uptake of 
hydrocarbons could occur. Differential uptake of hydrocarbons in specific tissues has been 
investigated in several species of insects. For example, in Holomelina tiger moths, female 
pheromone gland preferentially takes up the pheromone, 2me-C 17, from the hemolymph 
while the remaining longer chain hydrocarbons were reserved for transport to the cuticular 
surface (Schal et al., 1998). However, little is known about the selective uptake of 
hydrocarbons from specific tissue to target tissue that is needed to transport a specific 
hydrocarbon. 
Moth sex pheromones with oxygenated functional groups are biosynthesized de novo 
within pheromone glands from acetate (Jurenka and Roelofs, 1993). Hydrocarbons are 
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thought to be biosynthesized in oenocytes that are associated with abdominal epidermal cells 
(Diel, 1975; Wigglesworth, 1970). Hydrocarbons are biosynthesized through the steps of two 
carbons chain elongation and decarboxylation of fatty acid-derived compounds (Blomquist et 
al., 1987). Because oenocytes are thought to be the only cell type to have a decarboxylation 
type of enzyme that is needed to remove carboxyl group from fatty acids, the hydrocarbons 
are thought to be produced in oenocytes. Recently, it was proposed that the hydrocarbon sex 
pheromone of Holomelina au~antiaca, 2-me-C 17, was biosynthesized by oenocytes and 
transported by multifunctional transport protein, lipophorin, through the hemolymph to the 
pheromone gland to be released into the environment (Schal et al., 1998). The present study 
indicates that hydrocarbon pheromones are present not only in the pheromone gland but also 
in the hemolymph of velvetbean caterpillar moth. Indeed, hydrocarbon sex pheromones of 
velvetbean caterpillar moth are thought to be biosynthesized by oenocytes like other moths 
that utilize hydrocarbon as sex pheromone. Thus, the pheromone gland of velvetbean 
caterpillar moth does not biosynthesize the hydrocarbon pheromone but stores and releases it 
during the calling period. 
In the present study a proposed hydrocarbon pheromone biosynthetic pathway was 
investigated by using deuterium labeled linolenic acid to determine which pathway is utilized 
to produce two pheromone components. The biosynthetic pathway of Lepidopteran insects 
generally includes fatty acid synthesis, desaturation, chain elongation, and functional group 
modification to make species-specific blends of chemicals (Tillman et al., 1999). The 
biosynthesis of hydrocarbon pheromone has been investigated in some species of moths. In 
female ruby tiger moth, Phragmatobia fuliginosa, the pheromone component, (Z,Z,Z)-3,6,9- 
heneicosatriene is produced by chain elongation of linolenic acid to 22:3(n-3)acid followed 
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by decarboxylation to produce 21:3(n-3)HC (Rule and Roelofs, 1989). Its biosynthetic 
pathway resembles that of Holomelina's methyl-branched hydrocarbon pheromone, 2- 
methylheptadecane, in terms of chain elongation and decarboxylation (Charlton and Roelofs, 
1991), but differs in that the precursor to 21:3(n-3)HC, linolenic acid, is obtained 
exogenously instead of being produced de novo while precursor to 2-methylheptadecane is 
obtained endogenously. By utilizing deuterium labeled linolenic acid it is possible to depict 
the hydrocarbon pheromone biosynthetic pathway of female A. gemmatalis. According to 
results presented in this paper, the biosynthetic pathways of two hydrocarbon pheromone 
components can be predicted as shown in Figure 15. The major pheromone component, 
21:3(n-3)HC, is biosynthesized from linolenic acid through chain elongation and 
decarboxylation steps as studied previously. The minor pheromone component, 20:3(n-3)HC, 
is also thought to be biosynthesized from linolenic acid, however, exact pathway is still 
unknown. Because deuterium labeled linolenic acid is incorporated into minor pheromone 
component two possible biosynthetic pathways can be predicted as shown in Figure 15. It is 
of interest to determine which intermediate, 20:3(n-3)acid or 21:3(n-3)acid, is used to 
produce 20:3(n-3)HC. Further investigation is needed to differentiate these two possible 
pathways by using both D4-20:3(n-3)acid and D4-21:3(n-3)acid. 
In fatty acyl profiles of hemolymph, pheromone gland, and cuticle of female A. 
gemmatalis there was no detection of possible precursors in those tissues. This may indicate 
that the fatty acyl moieties are quickly changed to hydrocarbons. Moreover, long-chain 
triunsaturated fatty acids that are thought to be intermediates in hydrocarbon pheromone 
components were not detected in the hemolymph and gland extracts of female A. gemmatalis 
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treated with D4-linolenic acid. This may indicate that the chain elongation and 
decarboxylation reactions are tightly linked to each other. 
Although PBAN has been shown to regulate the pheromone production in many 
species of Lepidoptera and PBAN and PBAN-like peptides have been found in all 
Lepidoptera investigated so far, studies have suggested that they do not control pheromone 
biosynthesis in some species. For example, PBAN does not regulate pheromone production 
in Trichoplusia ni (Tang et al., 1989). The effect of PBAN on regulation of pheromone 
production in only a few species that produce hydrocarbon pheromone has been investigated 
to date. While the biochemical mode of action of PBAN is not clear, it appears that PBAN is 
released into hemolymph and acts directly on pheromone gland to regulate pheromone 
production (Jurenka and Roelofs, 1993). In hydrocarbon pheromone-producing insects, 
because hydrocarbon pheromone is thought to be biosynthesized in oenocytes rather than in 
pheromone gland, PBAN does not appear to regulate hydrocarbon pheromone production. 
According to results of this study, the brain homogenates of A. gemmatalis have 
pheromonotropic activity on the pheromone production of H. zea, but synthetic zea-PBAN 
does not have clear effect on pheromone production of decapitated females of velvetbean 
caterpillar moths. This indicates that PBAN or PBAN-like peptide that may be present in the 
brain of A. gemmatalis is not involved in regulating hydrocarbon pheromone production in 
this moth. Thus, further research is needed to determine if there is different neuropeptide or 
hormonal factor in brain other than PBAN to regulate hydrocarbon pheromone production. 
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